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Abstract. Nucleon and A resonances in the fourth resonance region are studied in a multichannel partial-wave anal- 
ysis which includes nearly all available data on pion- and photo-induced reactions off protons. In the high-mass range, 
above 1850 MeV, several alternative solutions yield a good description of the data. For these solutions, masses, widths, 
pole residues and photo-couplings are given. In particular, we find evidence for nucleon resonances with spin-parities 
= 1/2+ ■■■7/2+. For one set of solutions, there are four resonances forming naturally a spin-quartet of resonances 
with orbital angular momentum L — 2 and spin 5 = 3/2 coupling to J = 1/2, ■ ■ ■ ,7/2. Just below 1.9 GeV we find a 
spin doublet of resonances with = 1/2^ and 3/2^. Since a spin partner with = 5/2~ is missing at this mass, 
the two resonances form a spin doublet which must have a symmetric orbital-angular-momentum wave function with 
L — 1. For another set of solutions, the four positive-parity resonances are accompanied by mass-degenerate negative- 
parity partners - as suggested by the conjecture of chiral symmetry restoration. The possibility of a = 1/2+ , 3/2+ 
spin doublet at 1900 MeV belonging to a 20-plet is discussed. 

PACS. ll.80.Et Partial-wave analysis - 1 1.80.Gw Multichannel scattering - 13. 30.-a Decays of baryons - 13. 30.Ce 
Leptonic, semileptonic, and radiative decays - 13.30.Eg Hadronic decays - 13.60.Le Meson production - 14.20. Gk 
Baryon resonances (S=C=B=0) 



> 1 Introduction 

One of the most striking successes of the quark model was the 
, successful calculation of the spectrum and of the mixing an- 
' gles of low-lying excited baryons, using a harmonic oscillator 

potential and a hyperfine interaction as derived from first-order 

■ perturbative QCD |[Tl|2][3l. In the course of time, the model was 

■ improved by taking into account relativistic corrections [4| or 
, by fully relativistic calculations IS). The effective one-gluon 
' exchange interaction |[Tl|2l[34l was replaced by one-boson ex- 
I change interactions between constituent quarks ||6l or by in- 

■ stanton-induced interactions l5\. The improved baryon wave 
functions provided the basis for calculations of partial decay 
widths Il2l[8l[9,10,ll|, of helicity amplitudes ifHlflJll . and of 
form factors Iil4nl5nl6iii71 . The spectrum of nucleon and A 
resonances calculated on the lattice ITSl shows striking agree- 
ment with expectations based on quark models: with increasing 
mass, there are alternating clusters of states with positive and 
with negative parity. No parity doubling is observed, and the 
number of expected states on the lattice and in quark models 
seems to be the same. In spite of these considerable successes, 
there are still many open questions in baryon spectroscopy (for 
reviews, see II19II20||2TI| ) which need further investigations. 

i. There are some low-mass baryon resonances which re- 
sist a straightforward interpretation as quark model states. In 
effective field theories of strong interactions, these resonances 
can be generated dynamically from meson-baryon interactions. 
Well-known examples are the Roper resonance N^,^{14:4:0) ll22ll . 



the iVi/2- (1535) and the yli/2- (1405) El. The relation 
between quark-model states and those dynamically generated 
is not yet explored. 

ii. There is the problem of the missing resonances: quark 
models predict many more resonances than have been observed 
so far, especially at higher energies. This problem is aggravated 
by the prediction of additional states, hybrid baryons, in which 
the gluonic string mediating the interaction between the quarks 
is itself excited ll25l . Their spectrum is calculated to intrude the 
spectrum of baryon resonances at 2 GeV and above. 

iii. Baryon excitations come very often in parity doublets, 
of pairs of resonances having opposite parity but similar mas- 
ses. The occurrence of parity doublets is unexpected in quark 
models. It has led to the conjecture that chiral symmetry could 
be restored when baryons are excited |26 27 28 29 1 . It has been 
suggested that the transition from constituent quarks to current 
quarks can be followed by precise measurements of the masses 
of excited hadron resonances 1301 . The splitting in (squared) 
mass between two states forming a parity doublet (like Z\(1950) 
Fir and zi(2200)Gi7, 1.04GeV2) is slightly smaller than the 
mean mass square difference per unit of angular momentum 
(the string tension, 1 . 1 GeV^). This effect can possibly be inter- 
preted as weak attraction between parity partners in the 2 GeV 
mass region and as onset of a regime in which chiral symmetry 
is restored Oil . This possibility depends, of course, crucially 
on the assumption that chiral symmetry is restored in the high- 
mass part of the hadron excitation spectrum. 
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iv. A very simple phenomenological two-parameter mass 
formula fy2\ describes the baryon mass spectrum with an un- 
expectedly good precision. The formula can been derived [3^3 1 
within an analytically solvable "gravitational" theory simulat- 
ing QCD Il34ll which is defined in a five-dimensional Anti-de 
Sitter (AdS) space embedded in six dimensions. The mass for- 
mula predicts mass-degenerate spin multiplets with defined or- 
bital angular momentum L in which the orientation of the quark 
spin S relative to L has no or little impact on the baryon mass, 
a prediction which needs to be confirmed or rejected by further 
experimental information. 

In this paper, we report properties of nucleon resonances 
with masses of about 2 GeV, a mass range which is often called 
4"^ resonance region. The resonance regions are well seen in 
Fig.[T^, starting with the Zi(1232) tail as P* resonance region 
followed by peaks, indicating the 2"*^, and 3"^ and 4"^ reso- 
nance region. The properties of nucleon resonances are deter- 
mined in a coupled-channel partial wave analysis of a large 
body of data. The analysis methods are documented in ll35l 
[3611^7113811. earlier results can be found in O9ll40ll4Tll42ll43ll44l . 
Recently, we have enlarged considerably our data base. In par- 
ticular both, the recent high-statistics data 1 45 , 46 , 47 , 48 , 49 , 50, 
l5Tll52ll53ll on photoproduction of hyperons but also the old low- 
statistics data on pion-induced hyperon production Il541l551l56l 
[57ll58l proved to be very sensitive to properties of contribut- 
ing resonances. In the first paper 1591 , we reported evidence for 
iV(1710)Pii, iV(1875)Pii, 7V(1900)Pi3, /4(1910)P3i, A{imQ 
and Z\(1920)P33. The main aim was to investigate if resonances 
seen in the Karlsruhe-Helsinki (KH84) 1601 and the Carnegie- 
Mellon (CM) 16 1 1] analyses of nN elastic scattering but not ob- 
served by the Data Analysis Center at GWU Il62ll can be identi- 
fied in inelastic reactions. The positive answer encourages us to 
study the "full"' spectrum of nucleon resonances in the 2 GeV 
region. 

The data on hyperon production with the largest statistics 
are those with KA in the final state. These are sensitive to nu- 
cleon resonances only. Data on KS contribute to both, to nu- 
cleon and A resonances, the statistical errors for data on this 
channel are considerably higher. For this reason, we concen- 
trate here on nucleon resonances. A resonances will be dis- 
cussed when new high-statistics data on the 7p — )• tt^tt^p and 
pTT^r] production channels from ELSA are included in our data 
base. 

At present, existence and properties of nucleon resonances 
are mostly derived from energy dependent fits to the energy- 
independent partial wave analyses of iiN elastic scattering data 
1 60 6 1 , 62 1 . Large discrepancies between the results of the three 
groups reveal the weak points of these analyses: first, the ampli- 
tudes cannot be constructed from the data without theoretical 
input. For a full amplitude reconstruction, the differential cross 
section da jdfl, target asymmetry, and spin rotation parameters 
need to be known in the entire energy and angular range. With- 
out spin rotation parameters, only the absolute values of the 
spin-flip and spin non-flip amplitudes \R\ and \G\ can be de- 
termined but not their phases. Dispersion relations must be en- 
forced but, unfortunately, their impact on the partial wave solu- 
tions seems not very well defined (judged from the differences 
in the results obtained by 160116 Ill62l y Second, the inelasticity 
of the -kN amplitude is a free fit parameter to be determined 



for every bin. It is unconstrained by the decay modes of res- 
onances. In practice, this freedom can be exploited to fit the 
elastic partial wave amplitudes with equally acceptable us- 
ing a variety of models with a different content of resonances. 
In the approach presented here, the inelasticity of the energy 
independent elastic -kN amplitudes are constrained by a large 
number of data sets on inelastic reactions. The inelasticity of 
the -kN amplitude is no longer a free fit parameter to be de- 
termined for every bin. Thresholds, couplings to the different 
channels, and the opening of new channels are properly taken 
into account. 

We use the naming scheme adopted in 1591 . For resonances 
listed in Review of Particle Properties (RPP) ||69l we use the 
conventional names of the Particle Data Group: 7V(mass)L2/,2 j 
and Z\(mass)P2/,2,7 where / and J are isospin and total spin of 
the resonance and L the orbital angular momentum in the de- 
cay of the resonance into nucleon and pion. For resonances not 
included in ||69l, we use Afjp(mass) and Z\jp (mass) which 
gives the spin-parity of the resonance directly. 



2 Data, PWA method, and fits 

The coupled-channel partial wave analysis uses the -kN elastic 
amplitudes, alternatively from KH84 ||60l or from SAID Il62l . 
N SAID results are given with errors; for KH84, no errors are 
' gi^en. We assume ±5% errors for the fits. Data are included on 
the reactions Tr^p — > r\n, ttN — > KA, ttN — > KS, — > ir^p, 
7P — > Tr^n,jp — > KA, jp — > KS, iT~p — > i:^i:^n, and 
7P tt'^tt'^p, jp — > 7r°77p. Measurements of polarization vari- 
ables, with polarization in the initial or final state or with tar- 
get polarization, are included in the analysis whenever such 
data are available. A complete list of the reactions and refer- 
ences to the data is given in Tables 1-5 of reference 1591 . The 
data sets we added here are differential cross section and re- 
coil asymmetry on the 7r+p — )• K^U^ reaction in the mass 
region below 1850 MeV I70ll7ni72ll73ll74l. new CLAS data 
on 7p- > Jir+£'° |l67], new MAMI data on jp -qp ESj 
and for the reaction ^p — > K^E^ the differential cross section 
ll68l . We now excluded from the analysis the 7p — > rjp data on 
the target asymmetry: since there seems to be an inconsistency 
between these data and new preliminary CB-ELSA/TAPS data 

The MAMI data were well fitted, without need for signifi- 
cant changes in mass, widths or coupling constants of the con- 
tributing resonances. In a narrow mass region at about 1700 MeV, 
statistically significant deviations between data and fit showed 
up. Dedicated fits were made |77| to study this effect. The fits 
improved by introduction of a narrow resonance, or by intro- 
ducing a LuN coupling in the 5*11 wave. Suggestions for ex- 
periments were made capable to decide which alternative is 
realized in nature. For most resonances, the ELSA data set 
had no noticeable effect on their properties neither But when 
these data were introduced in the fit, an additional resonance 
N^l2- (1870) was needed (which was then also of substantial 
help in describing other data sets). 

The analysis method Il35ll36ll37ll38l . uses relativistic invari- 
ant operators which are constructed directly from the 4-vectors 
of the particles. Resonances are parameterized in multi-channel 
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Fig. 1. The total cross secti- 
ons determined from the data 
(see text for the details) a) 1631 
P) . b) (65), c) (66), d) e) 
f68l, and f,g) 153), and contri- 
butions from partial waves with 
resonances in the fourth reso- 
nance region (solution BG2011- 
02). In (f) and (g), the contribu- 
tions from two solutions labeled 
BG2011-01 and BG2011-02 are 
shown. 



K matrices. Background terms are partly added within the K- 
matrix either as constants or in the form (a + 6-y/s)/(s — sq) 
with So simulating left-hand cuts (sg being negative, at a few 
GeV^), partly they are added as t-channel meson-exchange or 
u-channel baryon-exchange amplitude. These amplitudes are 
sufficiently flexible to describe the data mentioned above with 
good precision. In the pion induced reactions the t~ and u- 
channel exchanges are projected into the partial waves and con- 
tribution from lowest partial waves (up to spin 3/2) are sub- 
tracted from the t and u-exchange amplitudes. Thus, for the 
lowest partial waves, these exchanges are taken effectively into 
account as K-matrix non-resonant terms. Such approach en- 
sures that we fully satisfy the unitarity condition for the pion 
induced reactions. We remind the reader that we found two 
classes of solutions, called BG2010-01 and BG2010-02. In this 
article, figures are shown for solutions which are called BG201 1 
01 and BG2011-02 which are modifications of solutions BG2010- 
01 and BG20 10-02 due to including/excluding of the data sets 
discussed above and including a number of high mass poles 
into the K-matrix parameterization. Contributions of partial waves 
with resonances in the fourth resonance region are shown in 
Fig. [T] The total cross sections are determined by summation 
over the (binned) experimental differential cross sections, in- 
cluding statistical and systematic errors, and using our partial 
wave results in the angular range where no data exist. In Figs.|2] 
to|6]we exemplify the fit quality by showing a few data sets. 

As can be seen from the figures, there are only marginal 
differences in fit quality between the two solutions. Indeed, the 
overall of the two fits hardly differs. Many resonances have 
very similar properties in both types of solutions but some are 
distinctively different. Significant differences are found, e.g., 
in the helicity amplitudes for the production of A^(1710)Pii 
and A^(1720)Pi3, their Nrj decay fractions lHH and in the 
masses and widths of a few resonances with low RPP star- 
rating. Within both classes of solutions, a large variety of differ- 
ent fits were made, e.g. by adding a further pole in a particular 



partial wave or by changing start values of the fit. The spread 
of results within a class of solutions is used to define the errors. 
The statistical errors returned by the fit are usuaUy unrealisti- 
cally small. 

In Figs. |5] and |6] we show a few examples, data and fit 
curves, covering the central part of the fourth resonance region. 
In addition to the main fit represented by a solid curve we also 
show fits (dashed curve) in which one of the resonances is re- 
moved. These curves are discussed below. The fits are meant to 
illustrate the significance of a particular data set to resonance 
formation. Further plots can be seen in 1591 and on our web 
page (http://pwa.hiskp.uni-bonn.de). 

In the fits to the data, we use weighting factors lo to avoid 
that low statistics polarization data are overruled by high-statistics 
data on, e.g., differential cross sections. The weights are ad- 
justed to achieve a visually acceptable fit quality for all data 
sets. The total is then calculated as weighted sum of the ^ 
from the individual data sets: ^ LOiNi / J^-^i where uji and iV^ 
is the weight and number of events in the data set i. To the 
we add the likelihood {6x^ — 2(5 In C) of the event-based like- 
lihood fit to multi-body final states. The absolute value of the 
likelihood depends on the normalization and has no meaning. 
Therefore only differences of the total are given. 

The fit quality decreases above 2.2 to 2.3 GeV. We did not 
try to systematically improve the description in this mass re- 
gion. A large number of resonances is expected, and the data 
base is certainly not yet sufficient to arrive at solid conclusions. 



3 Discussion of partial waves 

3.1 Positive parity nucleon resonances 

Positive-parity nucleon resonances above the nucleon may be- 
long - in the harmonic oscillator approximation - to the second 
excitation band. Well known are the Roper resonance A^(1440) 
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Fig. 2. Differential cross section for 7p K'^ 1671 . The full 
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toBG2011-01 (x^=1.44). 



z=-0.8 


z=-0.7 


z=-0.6 


z=-0.5 


z=-0.4 


z=-0.3^ 


z=-0.2 


z=-0.1 




' z=0.1 


' z=0.2 


z=0.3 


- * 

z=0.4 


z=0.5 


z=0.6 


* z=0.7 




z=0.9 



2.5 



2.5 



2 2.5 

M(yp), GeV 



Fig. 3. Recoil polarization for 7p — >■ 1671 . The full curve 
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Fig. 4. Beam asymmetry for single-vr" photoproduction 7p — > tt^p 
reaction 1781 . The full curve corresponds to the solution BG2011-02 
and the dashed one corresponds to the solution BG201 1-01 . 
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Fig. 5. Left: Differential cross section for 7r~p K°E° (57). Right: 
Beam asymmetry from GRAAL for 7p — s- rjp 1791 . The full curves 
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ized photons to A hyperons 1149 1 . The full curves correspond to the 
solution BG201 1-02, the dashed ones to the best fit without a resonant 
contributions in the nucleon 5/2^ partial wave above 1.8 GeV. 

Pii, the 3-star N{inO)Pn (challenged by SAID ill), and 
the spin-doublet iV(1720)Pi3 and A^(1680yi5. Above, there 
is a possible quartet of nucleon resonances. 



A^i/2-t-(1875), ^(1900)Pi3, A^(2000)i^i5, iV(1990)F] 



17- 



The I{J^) = \{\ ) resonance was reported in 1591 . the other 
three resonances are listed in RPP with two stars: evidence for 
their existence is fair None of them is needed in the SAID anal- 
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ysis 1621 . The next known positive-parity nucleon resonance is 
the four-star 7V(2220)iJig; it should have a spin partner with 

I{J^) = ). These two resonances belong to fourth exci- 
tation band. 



3.1.1 l(j^') = l(l)+andi(|+) 

Nucleon resonances in the = and |^ partial waves 
have been discussed in |59]. For convenience of the reader, we 
recall the main features here. 

Above the Roper resonance, we observe a pole, given as 
(Re(po/e),-2Im(po/e)),at(1690ti^,210±25)MeVor(1695± 
15,220 ± 30)MeV for BG2010-01 and BG2010-02, respec- 
tively, which we identify with the known 3-star Af(1710)Pii. 
A second resonance is seen at (1860 ± 20, IIOIJq) MeV or 
(1850^50, 360 ±40)MeV, respectively, with a width which de- 
pends sensitively on the solution. We call this resonance N1/2+ 
(1875) (this is the Breit-Wigner mass). A further pole at (2100, 
500) Me V improves the stability of the fit. The pole is also re- 
ported by KH84 I6OI and CM We do neither claim its 
existence nor rule it out. 

The I{J^) = ^(|)^-wave houses, of course, the well 
known A^(1720)Pi3. Its pole position is determined to (1695 ± 
30, 400 ± 60) MeV or (1670 ± 30, 420 ± 60) Me V, respectively. 
Above, there is at least one additional resonance iV(1900)Pi3 
II42I : however, a better fit is obtained when a two-pole struc- 
ture is assumed. In 1591 , we gave effective masses for the two 
resonances. The effective mass and the effective width are de- 
fined by the maximum and the full width at half maximum of 
the ttN — > M B transition strength where B, M stand for the 
final-state baryon and meson. These effective values are more 
stable against variations in the parameterization than Breit-Wig- 
ner parameters: the widths of resonances often become very 
large when three-body final states are included. We find, as 
mean value from a few transition amplitudes to different fi- 
nal states, (Meff,reff) = (1910 ±25, 300 ±70) and (1970 ± 
20, 220 ±60) MeV for two resonances in the P13 wave. The 
two resonances differ in the photo-coupling; their decay modes 
were rather similar. Hence doubts remain in the existence of 
the upper resonance, in spite of the gain in when it is intro- 
duced. Future experiments will have to decide if the splitting 
into two resonances is real. The existence of (1900)Pi3 with 
(Meff, Peff) = (1910±25, 300±80) is, however, mandatory to 
achieve an acceptable fit. 



3.1.2 J(J^') = 

The lowest /(J^) = i(f^) state, iV(1680)Pi5, is well estab- 
lished and its properties, including photoproduction couplings, 
are known with a good precision. Real and imaginary part of 
the amplitude derived from energy independent analysis \62\ 
are shown in Fig.|7^,b. The amplitude exhibits a beautiful res- 
onance behavior due to A^(1680)Pi,5. We reproduce the reso- 
nance with properties fully consistent with those given in 1691 . 

The situation at higher masses is, however, far from being 
satisfactory. A rather narrow state, with the mass 1882 ± 10 



and width 95 ± 20, was observed in the KH84 analysis of the 
elastic ttN data |l60l. This state was confirmed by SAID 1621 . 
although with a notably lower mass (1818 MeV). In contrary, 
an observation of a rather broad state {M = 1903 ± 87, P = 
490 ± 310 MeV) was reported from the combined analysis of 
the 77 iV elastic data and -kN — > 2ttN data l80l . The state was 
not observed in the CM analysis 1611 . 

In I60II62I . the evidence for this second P15 state is de- 
rived from the small structure in the amplitude (Fig.|7]i at about 
1 .9 GeV which is present in the amplitudes from KH and GWU. 
Including a second resonance in the P15 wave, the KH points 
were described with a good x^, the GWU points with a fair x^. 

Our coupled-channel analysis demands a second 5/2+ state 
in the region above 1800 MeV even though at a considerably 
higher mass. In a two-pole five-channel K-matrix parameteri- 
zation of the P15 partial wave, the position of the second pole 
was found to be at 2050 ± 30 - i235 ± 20 (see Table [B- The 
elastic TriV amplitude is described with a modest x^/A^data ~ 
4.72 per data point (BG2011-02), see Fig. |7li,b. The solution 
BG2011-01 produces a similar description, with x^/-^data = 
4.44. Moreover we did not find a notable difference for the pa- 
rameterization of this wave in our solutions BG20 11-01 and 
BG2011-02. 

The need for a second resonance above (1680)Pi5 can be 
visualized in a mass scan. Mass scans with two K-matrix poles 
are difficult to interpret, hence the P15 partial wave is parame- 
terized as a sum of a one-pole K-matrix and a Breit-Wigner am- 
plitude. With this parameterization we performed a mass scan 
where the mass of the Breit-Wigner amplitude was varied in 
defined steps, while all other parameters of the fit were allowed 
to re-adjust in each step. The x^ of the fit is thus a function of 
the assumed Breit-Wigner mass. The need for a further P15 res- 
onance above A^(1680)Pi5 can also be seen, e.g., from two fits 
- with one and with two P15 resonances, respectively - shown 
in Fig.|6] 

Fig. |8^ shows the x^ as a function of the assumed Breit- 
Wigner mass in the I{J^) = 1/2(5/2+) partial wave. A clear 
minimum in x^ is observed at about 2 100 MeV. Main x^ changes 
stem from deteriorations of the fit to the differential cross sec- 
tion and the recoil polarization for 7p K^A and of 7r~p — >■ 
K^A (Fig.[8}),c). In the former reaction, the x^ changes in the 
double polarization variables Cx,Cz, Ox, Oz are small, below 
20 units, and are not included in the plot. The minimum in 
all distributions is well defined, although it is slightly lower 
in mass for the photoproduction data than for pion induced re- 
actions. 

The structure in the Pi 5 amplitude at about 1.9 GeV (Fig.|7] 
a,b) is not well described in the fit with two K-matrix poles. 
Hence we introduced a three-pole five-channel K-matrix to de- 
scribe the P15 partial wave and increased the weight of the P15 
elastic amplitude points in the fit. The new solutions reproduce 
the SAID Pi5 amplitude with xV^data = 1-82 (BG2011- 
01) and xV^data = 1-91 (BG2011-02): see Fig. |7};,d. For 
the KH amplitude, the x^/^data improved from 3.75 for the 
two-pole solution BG20 11-02 to 0.73 for the three-pole solu- 
tion BG201 1-02): see Fig. |7^,f. The total x^ improved by 750 
units, mostly due to improvements in the description of elastic 
P15 amplitude (320) and the 7p — > n^p data (400). However, 
we found two types of the three-pole solutions: 
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Fig. 7. Real and imaginary part of the ^(§)^ partial wave amplitude. 
Points with error bars are from SAID energy independent solution 
l62l (a-d) and from KH84 (60| (f,e). The KH84 errors are assumed 
to be ±5%. (a,b) SAID energy dependent fit (dashed curves) and 
fit BG2011-02 with two poles (solid curves). (c,d) SAID fit (dashed 
curves) and fit BG2011-02 with three poles (solid curves) (e,f) Fit 
BG2011-02 with two poles (dashed curves) and three poles (solid 
curves). Points in the high-mass region, defined by the vertical dashed 
line, were not included in the fit. 




■ I .^^r I ... I - H. . . I . . . I O h. . I >-^. I ... I 

2000 2200 2000 2200 2000 2200 
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Fig. 8. Mass scan in the F15 wave above A'^(1680)Fi5: a) the change 
of total 7 b) the change of value for the description of the 7p — > 
KA data, differential cross section and recoil polarization, and c) the 
change of for the description of the Tr^p — )> KA data. The solution 
BG2011-02 is shown with solid curves and the solution BG2011-01 
with dashed curves. 



In the solution (a), the second pole is located in the mass 
region 1800- 1950 MeV and its imaginary part corresponds to a 
width of 120 — 300 MeV. This pole has not only a high inelas- 
ticity; more than 80% of its decays must go into channels like 
pN and ljjN since nearly no evidence is seen for this resonance 
in the channels studied here (except 7iV, TriV — s- nN) . The 
third pole in this solution is shifted to a higher mass, by about 
50 MeV. The third pole for this solution is given in Table [T] 
while the second pole is not, since its mass is ill defined. 



Table 1. F15 wave: Pole positions and residues of the transition ampli- 
tudes (given in MeV as \r\/0 with ReaA = \r\ e'®). The phases are 
given in degrees. The helicity couplings are given in lO^^GeV"^'^^. 
The errors are defined from the spread of results found in the respec- 
tive classes of solutions. The RPP values are given in parentheses. The 
third pole in the three-pole solution (a) is ill defined. It is located in 
the 1800-1950 MeV mass range. 



Solution 




2 poles 


3 poles (Sol. a.) 


State 




Af(2000)Fi5 


Af(2000)Fi5 


Re(pole) 




2050±30 ( - ) 


2095t fo ( - ) 


-2Im(pole~ 




470±40 ( - ) 


500±80(-) 


BW mass 




2090 ±20 (~2000) 


2190±40 (~2000) 


BW width 




450±40 ( - ) 


550±100(-) 


A{-kN ~> 


TriV) 


20±4/-60±20° 


33±10/-115±40° 


A{tiN 


KA) 


20±5/80±25° 


16±8/70±30° 


A{ttN 


KE) 


15±5/70±25° 


5±3/- 


A'/^-yp) 




42±5/-30±10° 


35±20 /20±20° 


^3/2 (7P) 




48±5/-170±25° 


50±20/-130±35° 


Solution 




3 poles (Sol. b) 


3 poles (Sol. b) 


State 




iV+,(1900) 


iV(2000)Fi5 


Re(pole) 




1930±70(-) 


1920±70 


-2Im(pole; 




400±40 ( - ) 


540 ±40 


BW mass 




2000±50 (~2000) 


2000 ±50 


BW width 




410±40(-) 


500 ±40 


A(-kN ^ 


TVN) 


70±20/-100±80° 


140±25/-80±40° 


A'/\^p) 




50±15/150±40° 


45±10/55±40° 


4^/2 (7P) 




65±10/-15±40° 


75±15/-110±40° 



In solutions of type (b), the two highest poles come very 
close to each other; both are located in the 1900- 1980 MeV 
region, and in the complex plane one pole falls atop of the other 
one. The pole position and couplings for these solutions are 
listed in Table [T] If both poles correspond to real resonances, 
one of the poles must have large couplings to pN and uiN while 
the other couples significantly to KA. 

In all solutions, using the SAID f6T\ or KH84 fSOl F15 am- 
plitude, a two-pole or three-pole K-matrix, one pole is required 
in the 1950-2100 mass region. It leads to a highly significant 

improvement in reactions with KA in the final state. There 
is suggestive evidence for a further pole between 1800 and 
1950 MeV: this state is mainly needed to improve the descrip- 
tion of the elastic amplitudes. Its existence is supported by the 
analyses of Hohler 162], of Manley et. al ROl . and, based on 
our analysis, its existence seems rather likely. We do not claim 
that this state must exist but we certainly cannot rule out the 
possibility that it does exist. In the discussion, we refer to this 
state as 7V5/2+ (1875). 

In Fig.[l^,f we show the contribution of the ^(l^) partial 
wave to the jp K^A total cross section. The contribution 
is calculated starting from the three-pole solution (a) and using 
the SAID Fi5 nN amplitude ll62l . 

In TabIe[T]we present details of the fits: pole position, Breit- 
Wigner parameters, residue of the elastic pole and helicity am- 
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plitudes. For this partial wave the solutions BG2011-01 and 
BG201 1-02 produce very similar results; the small differences 
are included in the given errors. 



3.1.3 I(J^) 



1(1 + 

2 V 2 



Observations of a 5(5)+ state in the 2GeV mass region were 
reported from early KH84 |60|] and CM [61] analyses of the 
"kN elastic data, and from an analysis which included data on 
-kN — >■ ttttN ISOl . Breit-Wigner mass and width were deter- 
mined to M = 2005 ± 150MeV, T = 350 ± 100 in EO), 
to M = 1970 ± 50MeV, T = 350 ± 120 in 161], and to 
M = 2086 ± 28MeV, T = 535 ± 120 in EO). The resonance 
is hsted in RPP as iV(1990)Fi7. The resonance was not seen 
in the analysis presented in J621 (the I{J^) = jd)"'' ampli- 
tude is not given in the paper but on their web site). Indeed, the 
i(|)+ amplitude (see Fig.|9]) shows no significant structure. 



1-0.2 

0.1 



-0.1 
-0.2 

1-0.2 

<u 
DC 

0.1 

-0.1 

-0.2 




2.5 



2 2.5 
M(7cN), GeV 




2.5 



2.5 

M(i[N), GeV 



Fig. 9. Real and imaginary part of the |(^)^ partial wave. Points 
with error bars are from the SAID energy independent solution (62J . 
The solution BG2011-02 is shown as solid curve and BG2011-01 as 
dashed curve (a, b). Same solutions without a high mass pole (around 
2400 MeV) (c, d). 

The results of the SAID and KH84 energy independent par- 
tial wave analyses are shown in Fig. |9] A first attempt to de- 
scribe this amplitude jointly with our full data base with a one- 
pole K-matrix parametrization failed. The main problem is that 
a rather narrow state around 2 GeV is required mainly by the 
data on — > KA and 7p n^p, which is incompatible with 
the elastic amplitude ll62l in this partial wave. The descrip- 
tion of the elastic amplitude improved considerably when a sec- 
ond K-matrix pole was included in the fit. Its mass is not well 
defined, any pole in the mass between 2300 and 2500 MeV is 
suited (Fig|9li,b). 

The main improvements due to a Fn state are observed in 
the description of the recoil polarization in 7p KA. In this 
solution, the pole mass optimized for 1975 ± 15 MeV and the 
width for 160 ± 30 MeV. In the solution BG20I1-2, mass and 
width were found to be 2100 ± 15 MeV and 260 ± 25 MeV. 




300 




250 
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Fig. 10. Mass scan in the Fn wave with the BG2011-02 (solid line) 
and BG201 1-01 (dashed line) solutions, a) Change of the total , b) 



X' 



change for 7p i^'^p, c) for 7p — >■ A, and d) for 7p - 



r]p. 



Table 2. F-n wave: Pole positions and residues of the transition ampli- 
tudes (given in MeV as \r\/0 with ResA — \r\ e'®). The phases are 
given in degrees. The helicity couplings are given in lO^^GeV"^''^. 
The errors are defined from the spread of results found in the respec- 
tive classes of solutions. 



Solution 




BG2011-01 


BG2011-02 


State 




Af(1990)Fi7 


iV(1990)Fi7 


Re(pole) 




1975±15 


2100±15 


-2Im(pole) 


160±30 


260 ±25 


BW mass 




1990±15 


2105±15 


BW width 




160±30 


260±25 


A(-!vN 


ttN) 


1.5±0.5/180±30° 


l±0.5/80±20° 


A{tvN ^ 


KA) 


1±1/170±30° 


0.5±0.5/-100±30° 


A(-!vN ^ 


KE) 


1±0.5/100±30° 


0.3±0.3/-60±40° 


A^/2(7P) 




20±10/0±30° 


55±15/-50±20° 


A'^^-yp) 




35±10/0±20° 


55±20/-50±25° 



These two solutions have very different helicity couplings for 
the Fn state; therefore more precise polarization experiments 
should distinguish between them. Further studies revealed that 
in both classes of solutions, BG20 11-01 and BG20 11-02, a 
substitution of the whole Fn partial wave from one solution 
to the other one led to a very similar fit quality. For simplicity, 
we associate the low-mass resonance with BG201 1-01 and the 
high-mass resonance with BG201 1-02. 

A mass scan in the Fn wave for the two solutions is shown 
in Fig.[TOl In solution BG2011-02, all three reactions, jp 
KA, jp tt'^p, and -fp ijp contribute to the signal; in 
solution BG20 11-01, the mass scan shows significant minima 
forpTT*^, 7i7r+, nrj, and a small dip only for K^ A. 

The overall description of the data and the fit quality of the 
elastic amplitudes hardly differ for our two solutions BG201 1- 
01 and BG2011-02; but the Fn amplitudes have their lowest- 
mass pole at a rather different position, at (1975 — i 80) or 
(2100 - i 130) MeV, respectively. 
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Table 3. //19 wave: Pole positions and residues of the transition ampli- 
tudes (given in MeV as \r\/& with ResA = |rl e'®). The phases are 
given in degrees. The helicity couplings are given in 10~'^GeV~^^^ . 
The errors are defined from the spread of results found in both classes 
of solutions. The RPP values are given in parentheses. 



State 


iV(2220)_ffig 




Re(pole) 


2150±35 (- 


2170) 


-2Im(pole) 


440±40 (- 


-480) 


BW mass 


2200±50 (- 


2250) 


BW width 


480±60 


-400) 


A{TrN ttN) 


60±12/-58±12° 






< 10 






< 10 





3.1.4 /(J^) = i(|+) 



The state A^(2220)iJig was clearly seen in the analysis of the 
elastic data. We fitted these data as one-pole three-channel {ttN, 
ttA and pN) K-matrix and included a ttN — ttN non-resonant 
term. In the fits to the SAID [62 1 points, the non-resonant term 
can be taken as a constant while the fit to the KH84 [60J data, 
a more complicated form (see section |2l) was chosen. The de- 
scription of the SAID and KA84 results is shown in Fig.[TT] We 
did not find any appreciable contribution from the iV(2220)i7ig 
to the photoproduction data. The helicity couplings were opti- 
mized at very small values and the quality of the description 
did not improved after including this resonance in the photo- 
production data. The pole position and elastic residue for this 
state (averaged over two solutions BG2011-01 and BG20I1- 
02) is given in Table [3j 




1.75 2 2.25 2.5 ""'^ 1.75 2 2.25 2.5 

M(itN), GeV 



Fig. 11. Real and imaginary part of the ^(f )^ partial wave. Points 
with error bars are from the SAID energy independent solution |162J 
(a,b) and from KH84 1601 (c,d). For KH84, ±5% errors were assumed. 



3.2 Negative parity nucleon resonances 

The mass spectrum of negative -parity nucleon resonances starts 
with the well known spin doublet 7V(1535)5ii, N{1520)Di3 
in the second, and the spin triplet Ar(1650)5ii, A^(1700)i:>i3, 
N{1675)Di5 in the third resonance region. Within SU(6), these 
states belong to a 70-plet. The next candidates listed in 1691 
are above 2 GeV and have only a RPP star rating of one or 
two stars. When we included the new CBELSA-TAPS data 
on jp _ft'"Z'+, our fit failed to describe them with rea- 
sonable accuracy. We had to introduce two new negative par- 
ity resonances below 2 GeV (even though some evidence for 
both these resonances has been reported before). These two 
resonances also improved considerably our description of the 
new CLAS data on 7p — K~^A ll53l . We call these two states 
Ni/2- (1895) and A^3/2- (1875). A search for a resonance in 

the {I)J^ = ^(| ) wave finds evidence at a considerably 
higher mass, at (2060 MeV). Our fits confirm the well-known 

7V(2190)Gi7 and iV(2250)Gi9 in the (/)J^ = i(|~) and 
^(| ) waves. 

3.2.1 I{J^) = i(i-) 

The first evidence for a rather narrow Sn state with the mass 
1880 ± 20 and width 95 ± 30 MeV was reported by KH84 
Il60ll . CM Il6n observed a resonance, too, in this partial wave 
but at very different position: at M = 2180 ± 80, T = 350 ± 
100 MeV. Manley et al. reported a low-mass state, but now with 
a broad width JSU). They reported M = 1928 ± 59, T = 414 ± 
157MeV. In the later analyses of the GWU group 1621 . there 
was no evidence at all for a third 5*1 1 state while Chen et al. lISTl 
found positive evidence at 1878 MeV. These discrepant results 
are summarizes by RPP under the one-star A^(2090)S'ii. 

In the ^ii partial wave, our fits required, in addition to 
the two-pole K-matrix parametrization of the low-energy part. 




1800 1900 2000 1800 1900 2000 

M, MeV 



Fig. 12. Mass scan of a third 5ii state, a) The change of total 
, b) the change of value for the description of the 7p — )■ 
K^E'^,K^E^ differential cross section, c) the change of for 
the description of the 7p — s- A differential cross section and d) 
change of x^ for the description of Ox, Oz and T observables in the 
7P — >■ KA reaction. 
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introduction of a further resonance at higher mass. A Breit- 
Wigner ampHtude optimized at M = 1895 ± 15, T = gOj^g'" 
MeV, in striking agreement with the result of the KH84 anal- 
ysis. The resonance improved the description of differential 
cross section Il53ll and polarization observables Ox , Oz and T 
lISOll from 7p — >■ K~^A. For the latter data, a systematic im- 
provement was obtained for two highest energy bins at 1883 
and 1908 MeV. The mass scan of the 5*11 state for the solution 
BG2011-02 is shown in Fig. [121 it demonstrates a clear min- 
imum for photoproduction of A and S hyperons, at the same 
mass and with a rather sharp minimum as expected for a narrow 
state. 

To check whether the existence of iVi/2-(1880) is in con- 
flict with the elastic amplitudes extracted by the SAID and 
KA84 analyses we included this resonance as third K-matrix 
pole and refitted our full data base. The pole position of this 
state, found in the three-pole six-channel K-matrix fit TriV, 7]N, 
KA, KE, ttA and pN) as well as elastic residues and photo- 
coupling are given in Table. |4] The comparison of our elastic 
5*1 1 amplitude with the SAID and KA84 energy fixed analysis 
is shown in Fig. [13] 




1800 1900 2000 1800 1900 2000 

M, MeV 



Fig. 14. The mass scan of the Di3(1870) state, a) The change of to- 
tal 5 b) the change of for the description of the 7p — >■ tt^ti 
reactions, c) the change of for the description of the jp 
K'^ E° , K" reactions and d) change of x^ for the description of 
the 7p — ^ A reactions. 



1- 

DC ^ 


a) 






0.2 

















-0.2 









1- 


b) . 


gO.8 


0.6 








0.4 




0.2 










N3/2- (1875) and N3/2- (2170). The existence of the two res- 
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Fig. 13. Real and imaginary part of the |(|) partial wave. Points 
with error bars are from the SAID energy independent solution 1621 
(a,b) and from KH84 (60j (c,d). For KH84, ±5% errors were assumed. 
The SAID points are compared with our three pole (solid lines) and 
two pole solutions (dashed lines). The KH84 points are compared with 
three pole solution. Points in the high-mass region, defined by the ver- 
tical dashed line, were not included in the fit. 



3.2.2 J(J^) = Id ) 

A resonance structure at about 1900 MeV in early SAPHIR 
data Il82l was explained Il83l by including a new resonance 

at 1895 MeV in the I{J^) = ^(§~) partial wave. Our first 
analysis of data on photoproduction of 7r°, 77, and of A and S 
hyperons P91I40I suggested the existence of two resonances 
with masses above 1800 MeV in this wave which we called 



onances was required independently if the SAPHIR 1841 or 
CLAS li48l data were used in the fit. The Breit-Wigner param- 
eters of 1)13(1870) were found to be M = 1875 ± 25 MeV 
and = 80 ± 20 MeV. The mass scan for this state had a clear 
minimum in the 1870- 1880 MeV mass region, for 7p ttN, 
K+A, andKU [40,1. 

The present analysis uses a significantly richer data base, 
and the parameters of these state are defined with a much bet- 
ter accuracy. In a first parameterization, the D13 partial wave 
was written as an amplitude K-matrix with two poles and non- 
resonant (contact) interactions; two Breit-Wigner amplitudes 
were added. The lower-mass Breit-Wigner resonance was found 
at 1880 ± 20 MeV and width at 200 ± 25 MeV. Its mass agrees 
precisely with our earlier finding, however the new data de- 
mand a notably larger width. The mass of the lower-mass Breit- 
Wigner amplitude was then scanned in a mass scan. The mass 
scan is shown in Fig. [14] It shows very clear minima for these 
reactions due to contributions from the new high statistic data 
||53]|68]|63S8l. 

Then, the D13 partial wave was written as an amplitude 
with three K-matrix poles, non-resonant (contact) interactions 
and one Breit-Wigner amplitude. The latter amplitude corre- 
sponded to the 1)13(2170) state. In BOll . the high-mass state 
£)i3(2170) was found at M = 216615^ MeV ™d T = 300 ± 
65 MeV. In the present analysis this state, we find its pole at 
(2110 ± 50) - i (170 ± 23) MeV. The mass scan for this state is 
shown in Fig. [15] the most significant are seen in the photo- 
production of the Ntt and K^A final states. 

Finally, a four-pole K-matrix was used. Pole positions, resi- 
dues, and helicity amplitudes for both resonances are given in 
Table |4] A comparison of our elastic amplitude with the SAID 
and KA84 amplitudes is shown in Fig. [16] It is seen that in 
the fitted region our four-pole K-matrix describes these elastic 
amplitudes rather well. However our analysis suggest the pos- 
sibility that at least one further D13 resonance at a higher mass 
might exist. 
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Fig. 15. The mass scan of the fourth Dn state, a) The change of total 
, b) the change of for the description of 7p — i- yr^p, c) of 7p — >■ 
TT+n, and d) of x^ 7P A. 
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Fig. 16. Real and imaginary part of the |(|) partial wave. Points 
with error bars are from the SAID energy independent solution II62I 
(a,b) and from KH84 1601 (c,d). For KH84, ±5% errors were assumed. 
Points in the high-mass region, defined by the vertical dashed line, 
were not included in the fit. 



Table 4. Negative parity waves: Pole positions and residues of the 
transition amplitudes (given in MeV as \r\/0 with ResA — \r\ e'^). 
The phases are given in degrees. The helicity couplings are given in 
lO^^Gel/"^/^ BG2011-01 and BG2011-02 yield consistent results, 
the errors are hence defined from the spread of results found in the 
both classes of solutions. The RPP values are given in parentheses. 



State 




iVi/2-(1895) 


iV3/2- (1875) 


Re(pole) 




1900±15 (-) 


1860±25 (-) 


-2Im(pole) 


90l?^ ( - ) 


200±20 ( - ) 


BW mass 




1895±15(-) 


1880±20 ( - ) 


BW width 




90l?° ( - ) 


200±25(-) 


A(ttN ^ 


TVN) 


0.5±0.5/- 


2.5±1/- 


A{ttN -> 


VN) 


2.5±1.5/40±20° 




A{ttN 


KA) 


2±l/-90±30° 


1.5±1/- 


A(ttN 


KE) 


3±2/40±30° 


6±2/180±50° 


A'^^i^p) 




12±6/120±50° 


18±8/-10Q±60° 








10±4/180±30° 



State 



N^j_^- (2150) 



jV5/2- (2060) 



Re(pole) 




2110±50 (-) 


2040±15 (-) 


-2Im(pole) 


340±45 ( - ) 


390±25(-) 


BW mass 




2150±60 (-) 


2060±15( -) 


BW width 




330±45 ( - ) 


375±25 ( - ) 


A{-kN 


ttN) 


13±3/-20±10° 


19±5/-125±20° 


A{-kN -> 


KA) 


5±2/100±30° 


l±0.5/20±60° 


A{7tN ^ 


KE) 


3±2/-50±40° 


7±4/-70±30° 


Ai/2(7P) 




125±45/-55±20° 


65±15/15±8° 


A^/2(7P) 




150±60/-35±15° 


55tJ^/15±10° 


State 




iV(2190)Gi7 


Af(2250)Gi9 


Re(pole) 




2150±25 (~2075) 


2195±45 (-2200) 


-2Im(pole) 


330±30 (~450) 


470±50 (~450) 


BW mass 




2180±20(~2190) 


2280±40 (-2275) 


BW width 




335±40 (~500) 


520±50 (~500) 


A{-kN 


ttN) 


30 ±5/30 ±10° 


26±5/-38±25° 


A{itN -> 


KA) 


4.5±2/20±15° 




A{ttN 


KE) 


7± 3/90 ±30° 




A'/\^p) 




63±7/-170±15° 


< 10 


A'^^^p) 




35±20 /25±10° 


< 10 



3.2.3 /(J^)-i(l ) 

The RPP ||69l lists one high-mass resonance in the I{J^) = 
|(| ) partial wave, the two-star A^(2200)£'i5. It was reported 
by S at (M, r)=(2228±30, 310±50)MeV and by |6ll at 
(2180±80, 400±100)MeV. In our earlier analysis of the dif- 
ferential cross section on ry photoproduction 1631 we reported 
the observation of a new D15 resonance with a mass of about 
2060 MeV. The state provided a dominant contribution to the 
7P —> rjp cross section around 2050 MeV; possibly these obser- 
vations are related. In the present solution, the contribution of 
this resonance to the jp rjp cross section remains practically 
unchanged, but we find also a significant contribution from this 
state to jp K^A. The new high statistic data on the differ- 
ential cross section and recoil asymmetry 1531 are much better 
described when this resonance is included. Also, the ttN cou- 
pling of this state optimizes at a rather large value; it is of the 



same order of magnitude as the rjN coupling constant. As a 
consequence, the mass scan of the i(| ) wave demonstrates 
very clear minima for the fit to jp — > rjN, to -jp — > A'+yl and 
to both jp ttN reactions (see Fig.fTTIi. 

The fit with the Nc,/2-{206Q) state included as the second 
K-matrix pole reproduces perfectly the ttN elastic amplitudes 
extracted by the SAID and KA84 groups: see Fig(T8] If the 
second pole is excluded from the fit, the high energy region 
can not be fitted well even after including energy dependent 
non-resonant terms. The problem of such a parameterization 
are demonstrated in Fig. [18] Although the elastic data indica- 
tive the existence of a resonance above 2 GeV, the pole position 
of this state is defined by the photoproduction data. 
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1900 2000 2100 2200 2300 1900 2000 2100 2200 2300 

M, MeV 

Fig. 17. The mass scan of the second D15 state. Changes of the 
value: a) for all fitted data, b) for the 7p — > -K^p and 7p — ;> A data, 
c) for the 7p — >■ tt+ti differential cross section, d) for the -yp — >■ rjp 
differential cross section. 




1.5 2 2.5 ""'^ 1.5 2 2.5 

M(i[N), GeV 




-0.2 



1.5 2 2.5 '^'^ 1.5 2 2.5 

M(7[N), GeV 

Fig. 18. Real and imaginary part of the |(f )~ partial wave. Points 
with error bars are from the SAID energy independent solution 1621 
(a,b) and from KH84 1601 (c,d). For KH84, ±5% errors were assumed. 
The solid curves show the result of two pole K-matrix parameteriza- 
tion and the dashed curves, the result of the one-pole parameterization 
from BG201 1-02. 

3.2.4 /(J^) = i(|-) 

A resonance in the /(J^) = i(| ) partial wave requires inter- 
nal orbital angular momenta of L = 3; hence the lowest-mass 
resonance can be expected to have a mass of at least 2 GeV. In- 
deed, a resonance in this partial wave is clearly seen from the 
behavior of the elastic nN scattering amplitude. The ampli- 
tudes of the KH84 I16OI and analyses 1621 are shown in Fig. [19] 
as points with error bars. First, the real part crosses zero and the 
imaginary part reaches its maximum slightly above 2100 MeV, 
and second, the amplitude real part increases slowly starting 
from 1500 MeV indicating a broad structure. As the result, a 
one pole parameterization of the elastic amplitude 1621 found 
a rather broad resonance with the mass 2152.4 ±1.4 MeV and 
width 484 ± 13 MeV. Other analyses also found a resonance in 



this region but with masses which cover the region 2100-2200 
MeV and widthes between 300 and 700 MeV (see references 
in RPP l69l). 

An introduction of a 5(5)^ state in the mass region 2100 
MeV as a Breit-Wigner amplitude significantly improves the 
description of the KA differential cross section and 

recoil asymmetry 1531 . Contributions of this partial wave to 
the 7p — > KA total cross section are shown in Fig. [1] This 
state also contributed notably to the pion photoproduction. In 
our fits, the mass of the state was found to be compatible with 
the RPP numbers 1691 , the width was optimized slightly above 
300 MeV. The fits required some contribution from non-resonant 
transitions (parameterized as constants) from — !> 7rZ\(1232) 
and pN with the lowest orbital momentum. 

The comparison of our irN elastic amplitude with the en- 
ergy independent solution 16211 is shown in Fig. [191 Our ampli- 
tude has a pole at 2150 — i 165 MeV. This pole provides a good 
description of the KA and ttN photoproduction data and is 
compatible with the energy independent solution for the elastic 
amplitude ||62] up to 2.4 GeV. 




M(7[N), GeV 



Fig. 19. Comparison of the result of energy independent analysis by 
SAID l62) (a, b) and KH84 (6OI (c,d) for the - partial wave with 
the BG201 1-02 solution. For KH84, ±5% errors were assumed. 

A mass scan in the ^(l)^ wave shows very good min- 
ima for the total log likelihood value and for the sum of pho- 
toproduction contributions (see Fig. l20l i while this state im- 
proves the description of the pion-induced inelastic reactions 
only marginally; the mass scan shows a small minimum for the 
solution BG20 11-01 only. 



3.2.5 /(J^) = i(| ) 

The state (2250)Gi9 has four stars by PDG classification and 
is clearly seen in the elastic data. As in the case of the I{J^) = 
1/2(7/2+) wave, the data were fitted as one-pole three-channel 
(ttTV, ttA and pN) K-matrix with a ttN — > -kN non-resonant 
transition taken as a constant. The description of the SAID and 



12 



A.V. Anisovich et al: Nucleoli resonances in the fourth resonance region 




Tip 
C) 



2000 2200 

M, MeV 

Fig. 20. Mass scan in the |(|)" wave with the solution BG2011-02 
(solid curves) and with the solution BG2011-01 (dashed curves), a) 
Change of the total change of the \^ value for all photopro- 

duction reactions and c) change of the value for all pion induced 
inelastic reactions. 




2.25 2.5 

M(iiN), GeV 

2\2i partial wave. Points 
with error bars are from the SAID energy independent solution 1621 
(a,b) and from KH84 1601 (c,d). For KH84, ±5% errors were assumed. 



Fig. 21. Real and imaginary part of the | ( I ^ 



KA84 results is shown in Fig.|2T] The A^(2250)G'i9 state prac- 
tically does not contribute to the photoproduction data and no 
additional sensitivity for this state was found when photopro- 
duction data were included. The KA coupling also optimized 
at a rather small value and this state contributed very little to 
the TT^N ^ KA data. Mass and width are given in Table |4] 



4 Discussion and conclusions 

4.1 Summary of nucleon resonances studied 

Four resonances which we observe in our analysis are new 
in the sense that they have no defined entry in RPP [i69l . We 
call them here N1/2+ (1880), N1/2- (1895), N3/2- (1875), and 
^5/2- (2060). All four of them leave very significant traces 
in photoproduction, in particular in the reaction jp — > K^A. 
Here, we would like to remind the reader that nearly complete 
information exists on this reaction: The differential cross sec- 
tions are known with high precision, the A recoil polarization is 
determined from its Ntt weak decay, the beam asymmetry has 
been measured. Using linearly and circularly polarized pho- 
tons, the polarization transfer coefficients from the initial pho- 
ton to the A hyperon in the final state has been determined. 
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Fig. 22. Predictions of the beam asymmetry for the 7p — > K'^A 
reaction. The full curve corresponds to the solution BG2011-02 and 
the dashed one corresponds to the solution BG2011-01. 



From these quantities, the target asymmetry can be deduced 
algebraically. With one further measurement, e.g. the polariza- 
tion correlation between target and A recoil polarization, the 
experimental information would be complete, in the sense that 
the results of all other polarization experiments can be pre- 
dicted. Possibly, even a truly energy-independent reconstruc- 
tion of the partial wave amplitudes will become possible. 

In view of the excellent data base and the constraints pro- 
vided by an energy dependent fit, we believe the solution(s) we 
present are highly constrained. To our judgement, the existence 
of these four resonances ranges from very likely to certain even 
though further information is desirable. At the same level we 
see the RPP resonances Ar(1900)Pi3 and iV(2080)i:»i3 - the 
latter resonance is observed at M = 2150 ±60, F = 330 ± 
45 MeV here. Based on pion-induced reactions, RPP classified 
them as two-star resonances 1691. 



The evidence for the existence of the two resonances in 
i^-wave, the RPP states iV(2000)Fi5 and 7V(1990)Fi7, is still 
only fair. We hope that forthcoming data with higher sensitiv- 
ity will provide additional support for their existence and will 
define their properties with improved accuracy. In Fig.l22land 
I23] we show the predicted beam asymmetry S and the dou- 
ble polarization variable F - the correlation between the de- 
gree of circular photon polarization and target polarization in 
the scattering plane and perpendicular to the photon beam - for 
7P A'+^forourtwo solutions BG201 1-01 andBG2011-02. 
The figure may serve as an example that even a modest accu- 
racy in polarization observables can make a significant impact 
on the results of a partial wave analysis. 
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Fig. 23. Predictions of the double polarization variable F for the 
7P A reaction. The full curve corresponds to the solution 

BG2011-02 and the dashed one corresponds to the solution BG2011- 
01. 

Table 5. Light-quark nucleon resonances. For resonances reported in 
this article we give our Breit-Wigner masses, for well known states we 
give nominal RPP masses, and for states reported in 1591 we use names 
given there (Moff ). Mass values obtained from alternative solutions are 
given in a separate line. 



J= 1/2 3/2 5/2 7/2 9/2 

^'l/2+(1710) 

^3/2+ (1720) Af5/2+(1680) 

N^^^+{1SB0) Af3/2+(1910) Ar5/2+(2095) N^f^+{2100) 

allcrnalively: ^1875 -t- 2200 1990 

Afg/2+(2220) 

Afi/2-(1895) JV3^2_(1875) 

JV3^2_(2150) W5^2_(2075) N^^^-{2l?,b) Wg^j- (2280) 



4.2 Interpretation 

For a discussion of the mass pattern of nucleon resonances, it 
is a bit tedious to refer to a resonance as A^(2200)-Di5 and to 
state: We, however, believe the mass of this resonance is rather 
2075 Me V and not 2200 Me V. Hence we list in Tabled with 
the mass we find, all positive-parity resonances in the 1650- 
2250 MeV mass range, and all negative-parity resonances in 
the 1750-2350MeV mass range. 
Two comments have to be made: 

i) For the interpretation we use Breit-Wigner masses in- 
stead of pole positions. The reason is phenomenology. In lattice 
calculations and in quark models neglecting decays, the masses 
of isospin doublets like (p, lo) and (ai(1260), 6i(1235)) are 
about mass degenerate. The pole masses are different - in par- 
ticular for the = 1+ doublet with the very wide ai(1260) 



- while the Breit-Wigner masses are similar: The Breit-Wigner 
masses are closer to the bare poles of resonances; to the mass of 
resonances before they "dress themselves with a meson cloud". 

ii) The interpretations given below depend on the PWA so- 
lution. In a given interpretation, we chose the most appropriate 
pattern of resonances from Table |5] These alternatives can be 
decided as soon as new data can differentiate between the so- 
lutions presented above. 

4.2.1 Interpretation within the quark model 

Within the quark model light-quark baryons are assigned to 
SU(6) multiplets. For this discussion, some well known SU(6) 
relations are needed which - for the convenience of the reader - 
are reproduced here. The symmetry group SU(3) of the three 
flavors and the spin symmetry group SU(2) combine to the 
group SU(6) which decomposes according to 

6®6®6 = 70a/ + 70m + 56s + 20a (1) 

where the subscript denotes the symmetry behavior with re- 
spect to the exchange of two quarks in the baryon. The baryon 
wave function can be symmetric (S), antisymmetric (A), or of 
mixed symmetry (M). These SU(6) groups can be written as 
sum of SU(3) groups with a defined spin multiplicity (given as 
superscript): 

70 = ^10+4 g_^2 g_^2 g_^2 (-2) 

56 = "^10 +2 8 (3) 
20 = ^8 +2 g 

The two resonances iV3/2-^ (1720) and A^5/2+(1680) are 
easily identified as spin doublet with intrinsic orbital and spin 
angular momenta i = 2, S* = 1/2. Spin and flavor wave func- 
tions both have mixed symmetry, the spin-flavor wave function 
and the spatial wave function are likely symmetric. Hence they 
can be assigned to the (D,i^) = (56, 2 J) multiplet. Here, D is 
the dimensionality of the SU(6) multiplet, intrinsic orbital 
angular momentum and the parity, N the shell number in the 
harmonic oscillator classification. The four states 

N,/2+ (1880), iV3/2+ (1910), iV5/2+ (1875), Ny^+i^^^O) (5) 

form a spin quartet which we assign to the (D,L^) = (70, 2^) 
multiplet. Here, we have chosen the alternative mass values in 
Table |5] which are better adapted to the quark model. Missing 
is a spin doublet (D,L^) = (70, 2+) with = |+, |+. 

Alternatively, we may assume that we have a spin-quartet 
of nucleon resonances 

N,/2+ (2100), iV3/2+ (1970), iV5/2+ (2095), Ny2+ (2100) (6) 

and a spin-doublet 

7Vi/2+ (1880), iV3/2+ (1910). (7) 

The doublet should have i = 1,5 = 1/2 and positive par- 
ity. Such a doublet is expected in quark models and assigned 
to a 20-plet in the SU(6)xO(3) classification. This expecta- 
tion is confirmed in recent lattice calculations ifTSl . The two 
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intrinsic oscillators both carry angular momentum U = 1, with 
L = li + I2: excitation of both oscillators is apparent. 

Two positive-parity states, A^i/2+ (1440) and A^g/2+ (2220), 
remain to be discussed: 

The Roper resonance Afi/2+ (1440) has been debated often; 
here we interpret it as nucleon radial excitation in the (D,i^) = 
(56,0^) multiplet. This interpretation does not exclude a siz- 
able molecular component in the wave function, in particular at 
small momentum transfer. The A^i/2+(1710) resonance could 
belong to the (D,L^) — (70, Oj) multiplet. In this interpreta- 
tion we should expect an additional resonance with = f ■ 
Finally, a further spin doublet is expected in quark models with 
= 1^, where two internal quark angular momenta 
— 1,2 add to L = 1 and which would belong to the 
(D,L^) = (20,1+) multiplet. 

iVg/2+(2220) must have a minimum orbital angular mo- 
mentum L = 4; its mass indicates where resonances in the 
fourth shell should be expected. It is hence assigned to the 
(D,L^) = (56, 4|) multiplet. 

The negative-parity nucleon resonances of Table|5]seem to 
be organized into a spin doublet 



7Vi/2- (1895), iV3/2- (1875) 
with L = 1 and a spin quartet 



(8) 



7V3/2- (2150), iV5/2- (2075), 7V7/2- (2190), 7V9/2- (2250) (9) 

with L = 3. A spin doublet with L = 1 in a 70-plet should be 
accompanied by a spin triplet, i.e. at least a nucleon resonance 
with = I should exist at a close-by mass. (2075) 
seems be too high in mass and rather to belong to the spin- 
quartet. (The two additional resonances with = i and 

~ I expected in addition to form a complete triplet could 
be hidden by a stronger production of the N1/2- (1895), 
(1875) spin doublet.) Hence we believe that N1/2- (1895), N2/2 
(1875) forms a spin doublet. As spin doublet without accom- 
panying triplet it must belong to the (D,L^) — (56, 13 ) multi- 
plet. Then the quartet Q must belong to a (D,L^) = (70, 3;^) 



multiplet with a doublet with J 



and I missing. Possi- 



bly, they are unresolved parts of iV5/2- (2075), A^7/2- (2190). 
With these assignments, six SU(6) multiplets are missing. 



4.2.2 Interpretation within quark-diquark model 

In the classical quark model, the three quarks obey the Pauli 
principle. In conventional diquark models it is assumed that 
two quarks - forming the diquark - are in relative S wave. Un- 
der these assumptions, the quartet of the states ^ in the mass 
region below 2 GeV is forbidden. However, when the wave 
function of the two quarks in the diquark and the single quark 
have no overlap, the Pauli principle should not applied: far sep- 
arated fermions do not obey the Pauli principle. 

In Il85l it is suggested that for highly excited states, the 
quark-diquark wave function and the quark wave function are 
spatially well separated. It is then an experimental question, 
which orbital angular momentum is required to satisfy the cri- 
terium of "full separation". If for L = 2 the separation is 



already sufficiently large, a quartet of states ^ is predicted 
in the region 1.9 GeV. At low energies, where the system is 
more compact and the quark-diquark wave functions overlap 
strongly, the baryon wave function obeys fully the Pauli prin- 
ciple and the additional states are suppressed. 



4.2.3 Interpretation witlnin AdS/QCD 

AdS/QCD is an analytically solvable "gravitational" theory sim- 
ulating QCD which is defined in a five-dimensional Anti-de 
Sitter ( AdS) space embedded in six dimensions [86 87 , 88.i89l . 
In a special variant of AdS/QCD, a two-parameter mass for- 
mula was derived ll33l which reproduces the baryon mass spec- 
trum with a surprising precision. For the six rows in Table|5] the 
predicted masses are 1735, 1735, 1926,2265, 1833, 2102 Me V, 
respectively. We mention that the mass formula had been sug- 
gested before on an empirical basis ll32l . Again, the alternative 
solutions in Table|5]are preferred. 



4.2.4 Interpretation as parity doublets 

Table|5]exhibits a striking number of parity doublets. These are 
collected in Table |6] To the nucleons of the first line in Table 
|5] we have added the triplet of negative-parity resonances be- 
longing to the first excitation band. The mass values of ambigu- 
ous solutions are chosen to match the masses of their negative- 
parity partners. 

The occurrence of parity doublets in the mass spectrum 
of mesons and baryons is surprising. The harmonic oscilla- 
tor states with positive and negative parity alternate, and in 
quark models, even in fully relativistic quark models, this pat- 
tern survives. In meson spectroscopy, a large number of reso- 
nances comes in nearly mass degenerate parity doublets, how- 
ever with important exemptions: Mesons like /2(1270) and 
a2(1320) with = 2++, ^3(1670) and P3(1690) with J^'^ = 
3—, /4(2050) and 04 (2040) with J^^ = 4++, none of these 
states falling onto the leading Regge trajectory has a mass- 
degenerate spin-parity partner These are mesons in which the 
orbital angular momentum L and the total quark spin S are 
aligned to give the maximal J and which have the lowest mass 
in that partial wave. Their chiral partners have considerably 
higher masses: 772(1645) and 7r2(1670) (J'''^ = 2"+), /i3(2045) 
and 63(2035) (J'''^ = 3+-), 7?4(2320) and 7r4(2250) (J''^ = 
4 ^), respectively [|90l . A graphical illustration is given in Fig. 1 
of ^ and Fig. 57 of IIH. In |l93| it is argued that formation 



Table 6. Nucleon resonances as parity doublets. The masses of states 
for which ambiguous solutions exist are chosen to match their negative 
parity partners. Definition of masses as in Table|5] 



iVi/2+(1710) iVi/2-(1650) 

iV5/2+(1680) iV5/2-(1675) 

iV3/2+(1910) iV3/2-(1875) 

Ny^+ (2100) jV7/2-(2190) 



7V3/2+(1720) iV3/2-(1700) 

iVi/2+(1880) iVi/2-(1895) 

iV3/2+(2095) iV5/2-(2075) 

iV9/2+ (2220) iVg/2- (2250) 
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of the spin-parity partners of mesons on the leading Regge tra- 
jectory could be suppressed by angular momentum barrier fac- 
tors. A reanalysis of the reaction pp — > -Krjrj in flight |94| was 
performed and a weak indication claimed 1931 for the possible 
existence of the missing 4 ^ state 774(1950) at about 1.95 GeV. 
However, the weakness of the signal is certainly not enforcing 
any interpretation. Nevertheless, the suppression in pp forma- 
tion of spin-parity partners of mesons on the leading Regge 
trajectory is certainly an argument which reduces the weight of 
their non-observation. 

In baryon spectroscopy, a similar phenomenon occurs. Even- 
parity resonances with S = 3/2 on a leading Regge trajectory 
seem to have no spin-parity partner lf3Tl . In formation experi- 
ments, the same mechanism as in meson formation could pos- 
sibly suppress these states. In elastic scattering, an angular mo- 
mentum L ~ 3 is required to form a 7/2+ resonance; for 7/2^, 
L = 4 is needed. In photoproduction of baryon resonances, on 
the contrary, such a suppression is not expected. Baryons on the 
leading Regge trajectory, e.g. a 7/2+ resonance with the low- 
est mass, requires a or amplitude, a 7/2^ resonance 
a or amplitude. There is no kinematical factor which 
would suppress production of 7/2^ resonances compared to 
7/2+ resonances. Photoproduction experiments could thus be 
of decisive importance to clarify the dynamics of highly ex- 
cited hadrons. Unfortunately, the two solutions for the mass of 
the 5/2+ and 7/2+ resonances (listed in Table |5]prevent that a 
final decision can be made at present. Future experiments and 
analyses will be required. But the predictions in Fig.l22landl23] 
show that a decision might be close. 

4.3 Summary 

In a multichannel partial wave analysis of nearly all existing 
data on pion- and photo-induced reactions we find evidence for 
a number of new or badly established resonances, and deter- 
mine their properties. In particular, we observe four new reso- 
nances 7Vi/2+(1875), 7Vi/2-(1895), A^3/2-(1875) and 
(2075), and two resonances, 7V(1900)Pi3 and Ar(2080)i:>i3 
which were badly known so far We believe that the existence 
of these three resonances is almost certain even though further 
confirmation is desirable. The new (and old) resonances are in- 
terpreted within different models. 
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